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HIGHLIGHTS 


•  Coal  pyrolysis  tars  contain  radicals  at  a  level  of  1017  spins/g. 

•  Coal  tars  generate  more  radicals  and  coke  at  temperature  of  623  K  or  higher. 

•  The  coke  formed  in  the  coal  tars  contains  radicals  at  a  level  of  1019  spins/g. 

•  The  coke  formation  in  the  tars  follows  the  2nd  order  kinetics  with  Ea  of  200  kj/mol. 

•  The  coal  tars  are  relatively  more  stable  than  biomass  tars. 
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Fast  pyrolysis,  with  high  heating  rates  and  short  retention  time,  was  studied  extensively  in  past  decades 
due  to  high  liquid  yields.  Although  many  fast  pyrolysis  processes  have  been  developed  and  tested,  few 
were  reported  to  be  successful  on  commercial  scale  due  to  problems  including  poor  tar  quality  and 
system  plugging.  It  is,  therefore,  important  to  exam  the  reactivity  of  the  fast  pyrolysis  tars  particularly 
at  temperatures  they  may  experience  upon  releasing  from  the  coal  surface.  Four  coals  of  different  ranks 
were  pyrolyzed  to  study  the  reactivity  of  the  tars.  It  is  found  that  the  tars  contain  high  concentrations  of 
radicals  and  are  highly  reactive  at  temperatures  higher  than  623  K  to  generate  more  radicals  and  form 
coke.  The  coke  formed  in  the  tars  contributes  most  of  the  radicals  in  the  tar  samples.  The  coking  behavior 
can  be  expressed  by  the  second  order  kinetics  with  activation  energies  of  around  200  kj/mol.  The  coal 
tar’s  reactivity  is  significantly  less  than  that  of  biomass  tars  obtained  from  the  same  pyrolysis  reactor 
under  the  same  conditions. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Pyrolysis  of  coal  has  been  applied  on  large  scales  to  produce 
coke,  tars  (oil  and  chemicals),  and  coke  oven  gas  for  more  than  a 
century.  Successful  technologies  are  those  characterized  by  slow 
heating  rates  and  long  pyrolysis  time  although  they  were  believed 
to  result  in  low  tar  yields.  To  increase  tar  yields,  fast  pyrolysis  with 
heating  rates  in  a  range  of  10-104  K/s  and  reaction  time  in  seconds 
has  been  studied  in  past  decades  worldwide  [1-3  .  The  aim  of  the 
fast  heating  and  fast  cooling  was  to  avoid  the  secondary  reactions, 
such  as  retrogressive  or  condensation  reactions,  as  much  as 
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possible  because  they  were  considered  to  be  the  main  reasons 
for  the  low  tar  yields  [4-6].  Many  fast  pyrolysis  processes  have 
been  developed  and  tested  with  this  understanding  but  few  were 
reported  to  be  successful  on  commercial  scale.  The  main  problems 
of  these  fast  pyrolysis  processes  were  poor  oil  quality  and  severe 
system  plugging  due  to  deposition  of  cement-like  materials  in 
the  product  lines  [7-9].  The  failing  of  extensive  efforts  in  reactor 
modification  and  product  separation  in  solving  these  problems 
indicates  that  new  insight  should  be  gained  to  solve  the  problems 
especially  on  the  fundamental  chemistry  involved. 

It  is  well  recognized  that  pyrolysis  of  coals  follows  a  radical 
mechanism  1 10],  starting  with  thermal  cleavage  of  covalent  bonds 
to  generate  volatile  radical  fragments  and  following  by  coupling  of 
the  radical  fragments  to  form  stable  products  [11-14  .  Many  works 
have  tried  to  monitor  radicals  in  coal  pyrolysis  and  to  correlate 
them  with  pyrolysis  conditions  [15,16],  however,  most  of  them 
focused  on  radicals  in  the  solids  (the  raw  feeds  and  the  char)  with 
limited  attention  on  radicals  in  the  tars  [17  .  Since  the  coupling  of 
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radicals  is  governed  by  the  probability  of  the  radicals  to  get  close  to 
each  other,  fast  pyrolysis  may  reduce  the  extent  of  the  coupling 
reactions  in  the  reactor  and  consequently  result  in  more  radicals 
in  the  tars  and  more  radical  reactions  in  the  product  lines 
[18,19],  which  are  closely  related  to  the  poor  quality  and  stability 
of  the  tars  and  plugging  of  the  product  lines. 

In  this  work,  we  show  radical  concentration  of  tars  obtained 
from  pyrolysis  of  four  coals  in  a  temperature  range  from  room  tem¬ 
perature  to  813  K,  and  report  detailed  changes  in  radical  concen¬ 
tration  of  the  tars  heat  treated  at  various  temperatures  to  study 
the  reactivity  of  the  tars.  The  temperatures  are  those  the  tars 
would  experience  in  large  scale  reactors  and  pyrolysis  systems 
upon  their  release  from  the  coal  surface,  including  the  high  tem¬ 
perature  product  lines  or  the  volatile/solid  separation  units,  or  in 
the  heating  units  of  tar  refining.  Kinetics  of  the  coke  formation  in 
the  tars  under  these  high  temperature  conditions  is  also  studied. 


2.  Experimental 

The  four  coals  studied  are  Hulunbeier  coal  (HLBE),  Bulianta  coal 
(BLT),  Buertai  coal  (BET)  and  Daliuta  coal  (DLT),  all  from  China.  The 
coals  were  ground  to  sizes  of  100-140  mesh  and  dried  at  383  I<  in  a 
vacuum  for  4  h.  The  proximate  and  ultimate  analyses  of  the  coals 
were  determined  and  shown  in  Fable  1. 

The  details  of  pyrolysis  experiments,  electron  spin  resonance 
(ESR)  tests,  and  heat  treatment  of  the  tars  have  been  described 
elsewhere  [20].  Briefly,  the  pyrolysis  experiments  were  carried 
out  in  a  tubular  reactor,  shown  in  Fig.  1,  under  a  flow  of  N2  at 
200  mL/min  with  a  heating  rate  of  80  K/min  and  a  final  tempera¬ 
ture  of  813  K.  The  residence  time  of  the  volatiles  is  about  3  s  in 
the  furnace  zone  before  being  condensed  into  tar.  The  tar  was  sam¬ 
pled  by  a  capillary  of  1  mm  in  diameter  and  then  weighed,  sealed 
in  a  glass  tube  suitable  for  the  ESR  test,  and  then  stored  in  liquid 
nitrogen.  The  char  was  cooled  to  room  temperature  in  N2,  sampled 
into  the  capillary  and  weighed,  and  then  sealed  in  the  glass  tube 
suitable  for  the  ESR  test.  All  the  ESR  tests  were  carried  out  at  room 
temperature,  and  the  temperatures  of  the  samples  were  controlled 
at  room  temperature  during  the  test.  The  capillary  and  the  glass 
tube  showed  little  influence  on  ESR  measurement.  To  simulate 
the  high  temperature  environment  the  tars  would  experience, 
upon  their  release  from  the  coal  surface,  in  a  large  scale  reactor 
or  pyrolysis  systems,  the  tars  (sealed  in  glass  tubes)  were  subjected 
to  a  heat  treatment,  i.e.  kept  in  a  heating  jacket  maintained  at  293, 
373, 473,  573,  623,  673,  723  or  773  I<  for  4  h.  The  radical  concentra¬ 
tions  of  the  tars  kept  at  these  temperatures  were  tested  at  0.5, 1,  2, 
3  and  4  h  of  the  heat  treatment.  The  tar  samples  were  then 
extracted  by  tetrahydrofuran  (THF)  for  12  h  after  the  glass  tubes 
been  cut  open  at  the  two  ends.  The  THF  insoluble  matters  staying 
in  the  capillaries,  termed  coke,  were  quantified  after  being  dried  at 
348  K  in  a  vacuum  for  4  h.  The  coke  yield,  defined  as  the  mass  of 
the  coke  divided  by  the  mass  of  tar  sample  in  percentage,  were 
determined.  The  radical  concentrations  of  the  coke  staying  in  the 
capillaries  were  also  determined  by  ESR. 
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Fig.  1.  The  schematic  diagram  of  the  pyrolysis  apparatus. 
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Fig.  2.  Radical  concentrations  of  the  four  coals  and  their  pyrolysis  products. 


3.  Results  and  discussion 

3.1.  Radical  concentrations  of  the  coals  and  the  pyrolysis  products 

Fig.  2  shows  the  radical  concentrations  of  the  four  coals  and 
their  pyrolysis  products,  tars  and  chars.  It  is  clear  that  the  radical 
concentrations  of  the  coals,  chars,  and  tars  all  increase  with  an 
increase  in  coal  rank,  namely  the  C%  of  the  coals.  The  radical  con¬ 
centrations  of  the  coals  are  about  1018-1019  spins/g,  which  agree 
well  with  that  reported  by  Retcofsky  for  American  coals  [21  .  The 
radical  concentrations  of  the  chars  are  in  the  level  of  1019  spins/ 
g,  which  are  higher  than  that  of  the  corresponding  coals.  The  rad¬ 
ical  concentrations  of  the  tars  are  in  a  level  of  1017  spins/g,  which 
are  much  lower  than  that  of  the  coals  and  the  chars. 

In  principle  and  in  the  simplest  case,  the  thermal  cleavage  of  a 
covalent  bond  in  coal  may  generate  two  radical  fragments,  which 
are  both  volatiles  or  one  of  them  is  volatile  while  another  one  is 
non-volatile.  If  contact  between  the  non-volatile  and  the  volatile 
radical  fragments  is  limited,  one  would  expect  that  the  radical  con¬ 
centration  of  the  char  is  higher  than  that  of  the  coal.  This  is  the  case 
shown  in  Fig.  2.  This  estimation  also  indicates  that  the  number  of 


Table  1 

Proximate  and  ultimate  analysis  of  the  raw  materials. 


Raw  materials 

Coal 

Proximate  analysis  (wt.%) 

Ultimate  analysis  (wt.%,  daf) 

Symbol 

Mad 

^ad 

Vad 

C 

H 

Oa 

N 

S 

Hulunbeier 

HLBE 

30.99 

9.10 

29.94 

73.93 

5.12 

19.43 

1.14 

0.38 

Bulianta 

BLT 

13.04 

12.34 

30.55 

79.76 

4.85 

13.92 

1.06 

0.40 

Buertai 

BET 

5.13 

14.77 

31.11 

80.44 

4.77 

13.57 

1.02 

0.20 

Daliuta 

DLT 

4.89 

6.11 

28.97 

82.02 

4.58 

11.90 

0.92 

0.59 

Note:  ad:  air  dry;  daf:  dry-and-ash-free  basis. 
a  By  difference. 
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volatile  radical  fragments  should  be  more  than  that  of  the  char 
radicals.  The  huge  difference  in  radical  concentration  between 
the  chars  and  the  tars  further  suggests  that  more  than  99%  volatile 
radical  fragments  generated  in  the  pyrolysis  underwent  coupling 


reaction  before  the  volatiles  being  condensed,  if  few  radical  is  in 
the  gas  products. 

Although  the  radical  concentrations  of  the  tars  are  much  lower 
than  that  of  the  coals  and  chars,  they  are  much  higher  than  that  of 
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Fig.  4.  The  amounts  of  coke  formed  in  the  tars  at  various  temperatures  in  4  h. 

commercial  fuels  (such  as  diesel  and  gasoline  that  contain  few  rad¬ 
ical,  measured  in  this  work),  crude  oils  (1014-1016  spins/g)  [22], 
and  direct  coal  liquefaction  liquids  (1016  spins/g)  [18].  The  high 
radical  concentration  of  tars  had  been  reported  to  be  responsible 
for  the  high  reactivity  of  tar  in  air,  or  aging,  which  results  in 
increases  in  tar  viscosity  [20,23  ,  change  in  color  and  in  other  phys¬ 
ical  properties  [24].  Clearly,  the  existence  of  the  large  amounts  of 
radical  fragments  in  coal  tars  is  responsible  for  their  poor  stability 
and  poor  quality. 

3.2.  Behavior  of  tars  subjected  to  heat  treatment 

Fig.  3  shows  radical  concentrations  of  the  four  tars  kept  at  var¬ 
ious  temperatures.  It  can  be  seen  that  the  radical  concentrations  of 
the  tars  show  a  similar  trend,  change  slightly,  no  more  than  three 
times,  at  temperatures  of  573  K  and  lower,  increase  with  an 
increase  either  in  temperature  or  in  time  at  temperatures  of 
623  K  and  higher,  and  reach  a  level  of  more  than  2  x  1019  spins/g 
at  723  I<  in  30  min.  These  results  indicate  that  the  coal  tars  contain 
some  weak  covalent  bonds  that  undergo  cracking  at  temperatures 
of  623  K  and  higher,  even  though  the  pyrolysis  experiments  were 
carried  out  to  813  K.  This  behavior  is  easy  to  understand  consider¬ 
ing  that  the  heating  rate  of  the  pyrolysis  reactor  is  about  80  K/min 
(1.3  K/s)  and  the  residence  time  of  the  volatiles  in  the  furnace  zone 
is  about  3  s.  These  conditions  allow  the  volatiles  to  experience  only 
a  maximum  of  4  K  increase  in  temperature  before  been  cooled.  For 
example,  the  tars  generated  at  600  I<  may  experience  a  maximum 
temperature  of  604  K  before  been  cooled,  their  cracking  at  temper¬ 
atures  higher  than  604  K,  therefore,  is  possible. 

It  is  rather  surprise  to  see  in  Fig.  3  that  the  radical  concentration 
of  the  tars  increases  to  high  levels  and  maintains  there  in  4  h,  indi¬ 
cating  that  the  radicals  in  the  tars  do  not  undergo  coupling  reac¬ 
tion.  The  only  logical  explanation  to  this  is  that  these  radicals  are 
not  accessible  to  each  other.  It  is  also  found  visually  that  black  solid 
matter  forms  in  the  capillary  during  the  heat  treatment  especially 
when  the  temperatures  are  higher  than  623  K.  To  find  out  whether 
the  solid  formation  in  the  tars  and  the  high  radical  concentrations 
of  the  tars  are  related,  the  tars  underwent  the  4  h  heat  treatment 
are  subjected  to  THF  extraction  to  quantify  TF1F  insoluble  matters, 
which  is  termed  coke.  The  results  in  Fig.  4  show  that  the  tars  con¬ 
tain  little  coke  initially,  and  coke  forms  during  the  heat  treatment. 
The  amount  of  the  coke  formed  increases  with  increases  in  temper¬ 
ature  and  time,  reaching  40%  in  30  min  at  773  K,  for  example.  Fur¬ 
thermore,  the  trends  in  coke  formation  in  Fig.  4  are  similar  to  that 
in  radical  concentration  in  Fig.  3,  suggesting  that  these  behaviors 
are  likely  interrelated  with  each  other. 

The  presence  of  coke  in  the  tars  suggests  that  each  of  the  tar 
samples  subjected  to  the  heat  treatments  is  actually  a  mixture  of 


Fig.  5.  The  contribution  of  coke  radicals  (Nc)  to  the  total  radicals  in  the  tar  samples 
(Nt)  at  various  coke  contents. 


Fig.  6.  The  second  order  kinetics  fitting  to  coking  data  of  HLBE  coal  tar  in  Fig.  4. 


a  liquid  and  a  solid,  and  the  radical  concentration  of  each  tar  sam¬ 
ple  in  Fig.  3  may  involve  radicals  contributed  by  the  liquid  as  well 
as  by  the  solid.  Since  the  radical  concentrations  of  the  tars  are  usu¬ 
ally  lower  than  1018  spins/g  [18,20,22,23],  which  are  less  than 
many  data  shown  in  Fig.  3,  especially  those  heat  treated  at  723 
and  773  K,  the  radical  concentrations  of  the  solid  are  likely  to  be 
high.  To  verify  this  deduction,  the  amount  of  radicals  in  each  of 
the  coke  samples  in  Fig.  4  is  measured,  termed  Nc,  and  compared 
with  the  total  radicals  of  the  corresponding  tar  sample  in  Fig.  3, 
termed  Nt,  in  the  form  of  Nc/Nt.  The  data  in  Fig.  5  shows  that  the 
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ratio  NjNt  has  a  close  relation  with  the  coke  content  of  the  tar 
sample.  At  coke  contents  of  0-8  wt.%,  Nc/Nt  increases  approxi¬ 
mately  in  a  rate  of  10%  per  1  wt.%  coke.  For  coke  contents  of  greater 
than  8  wt.%,  about  90%  of  the  total  radicals  are  contributed  by  coke. 
Since  very  small  coke  particles  may  be  carried  away  from  the  cap¬ 
illaries  by  THF  during  the  extraction,  it  is  possible  that  most  of  the 
radicals  in  a  tar  sample  are  that  of  coke  even  at  very  low  coke 
contents. 

The  presence  of  large  amounts  of  radicals  in  tar-derived  coke  is 
a  phenomenon  that  is  not  well  understood,  although  a  similar 
behavior  has  been  reported  by  Singer  and  Lewis  in  a  study  of  car¬ 
bonization  of  pitch,  they  attributed  the  increase  in  radical  concen¬ 
tration  to  radicals  concentrated  in  higher  molecular  weight 
components  [25].  It  seems  to  us  that  the  formation  of  the  large 
amounts  of  radicals  in  coke  may  be  attributable  to  two  factors: 
(1 )  Cracking  of  the  tars  at  temperatures  of  623  K  and  higher  to  gen¬ 
erate  more  radical  fragments.  (2)  Many  of  the  radical  fragments 
generated  from  cracking  of  the  tars  contain  more  than  one 
unpaired  electrons,  and  coupling  of  one  of  the  electrons  with 
another  radical  fragment  may  form  a  structure  that  makes  the  rest 
of  the  unpaired  electrons  inaccessible  to  other  radical  fragments, 
especially  when  the  products  of  the  coupling  are  large  in  molecular 
size. 


3.3.  The  kinetics  of  coke  formation  in  tars 

The  discussion  presented  above  shows  that  coking  of  the  tars  is 
significant  at  temperatures  higher  than  673  K,  and  the  trend  of  the 
coke  formation  is  clear.  Coking  kinetics  therefore  is  estimated  to 
better  understand  the  properties  of  the  tars.  Regression  was  made 
to  fit  various  kinetic  models  to  the  data  in  Fig.  4.  Among  the  models 
tested,  including  the  first  order,  second  order  and  other  orders,  the 
best  fit  is  obtained  by  the  second  order  kinetics,  which  is  expressed 
as  Eq.  (1 ),  where  xCOke  is  the  ratio  of  the  “mass  of  coke  formed  in  tar 
at  time  t"  against  “the  mass  of  coke  formed  in  tar  at  time  oo 
(approximated  by  the  maximum  coke  formed  at  773  K  in  Fig.  4)”, 
and  k  is  the  rate  constant.  The  k  can  be  expressed  by  Arrhenius 
Equation,  Eq.  (2),  where  k0  is  the  frequency  factor,  Ea  the  apparent 
activation  energy,  R  the  gas  constant,  and  T  the  temperature. 

dXcoke/dt  =  k{\  —  Xcoi<e)  (1) 

Ink  =  ln/<0  -  Ea/RT  (2) 

The  fitting  results  for  HLBE  coal  tar  are  shown  in  Fig.  6  as  an 
example,  and  the  activation  energy  and  the  frequency  factor  for 
each  of  the  four  coal  tars  are  listed  in  Table  2.  It  is  noted  that  the 
activation  energies  of  the  four  tars  for  coking  are  similar,  ranging 
from  199  to  218  kj/mol.  These  values  indicate  that  the  properties 
of  the  tars  are  in  between  of  a  light  petroleum  residue  and  a  heavy 
petroleum  residue  because  the  activation  energies  for  cracking  of 
these  fractions  are  188  and  230  kj/mol,  respectively,  as  reported 
by  Radmanesh  et  al.  [26  .  These  activation  energies  may  also  indi¬ 
cate  that  the  tars  are  mixtures  of  various  components,  including 
saturate  +  aromatics  and  resins  +  asphaltenes  because  the  activa- 


Table  2 

Parameters  of  second-order  kinetics  for  coking  of  the  tars. 


Tars 

Activation  energy 
(kj/mol) 

Frequency  factor 

(xlO-3  s'1) 

Correlation 

coefficient 

HLBE 

218 

7.7 

0.976 

BLT 

199 

7.0 

0.987 

BET 

211 

7.5 

0.999 

DLT 

202 

7.1 

0.992 

Fig.  7.  Comparison  the  radical  concentration  (a)  and  coking  yield  (b)  of  the  coal  tars 
with  that  of  biomass  tars  at  673  I<. 

tion  energy  of  the  former  is  120-220  kj/mol  at  high  conversions 
while  that  of  the  latter  is  220-300  kj/mol,  as  reported  by  Gonsalves 
et  al.  [27]. 

3.4.  Comparison  of  coal  pyrolysis  tars  with  biomass  pyrolysis  tars 

The  coking  behavior  of  the  coal  tars  shown  in  Fig.  4  is  compared 
with  that  of  biomass  tars  derived  from  pyrolysis  of  walnut  shell 
(WS)  and  corncob  (CC)  reported  earlier  by  us  using  the  same  appa¬ 
ratus  and  following  the  same  experiment  procedures  [20  .  Fig.  7 
shows  radical  concentrations  (a)  and  coking  behaviors  (b)  of  the 
four  coal  tars  and  the  two  biomass  tars  at  673  K  as  an  example. 
It  is  clear  that  the  amounts  of  radicals  and  coke  formed  in  the  bio¬ 
mass  tars  are  3-4  times  higher  than  that  in  the  coal  tars  under  the 
same  conditions,  even  though  the  radical  concentrations  of  the  bio¬ 
mass  tars  are  lower  than  that  of  coal  tars  before  the  heat  treat¬ 
ments,  indicating  that  the  coal  pyrolysis  tars  are  relatively  more 
stable  than  the  biomass  tars. 

4.  Conclusions 

The  tars  generated  from  pyrolysis  of  four  coals  in  a  tubular  reac¬ 
tor  and  a  temperature  ramping  mode  to  813  K  with  a  volatiles  res¬ 
idence  time  of  3  s  in  the  furnace  zone  are  studied.  The  tars  contain 
radicals  with  concentrations  of  1017  spins/g  and  are  active  to  gen¬ 
erate  more  radicals  at  temperatures  higher  than  623  K,  reaching 
1019  spins/g  at  723  I<  in  less  than  30  min,  for  example.  This 
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increase  in  radical  concentration  of  the  tars  is  accompanied  by  the 
formation  of  THF  insoluble  matters,  coke.  About  90%  of  the  total 
radicals  formed  in  tar  in  the  temperature  rang  studied  are  contrib¬ 
uted  by  the  coke  when  the  coke  content  is  higher  than  8  wt.%.  The 
coking  behavior  can  be  expressed  by  the  second  order  kinetics  with 
activation  energies  of  around  200  kj/mol.  The  coal  tars  are  rela¬ 
tively  stable  than  biomass  tars  due  to  less  radical  and  coke  forma¬ 
tion  under  the  same  conditions. 
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